We present the first age determinations of zircon from the diamondiferous Catoca kimberlite in northeastern Angola, the fourth largest kimberlite body in the world. The U-Pb ages were obtained using a Sensitive High Resolution Ion Microprobe II (SHRIMP II) on zircon crystals The tectonic setting of northeastern Angola is influenced by the opening of the south Atlantic, which reactivated deep NE-SW-trending faults during the early Cretaceous. The eruption of the Catoca kimberlite can be correlated with these regional tectonic events. The Calonda Formation (Albian-Cenomanian age) is the earliest sedimentary unit that incorporates eroded material derived from the diamondiferous kimberlites. Thus, the age of the Catoca kimberlite eruption is restricted to the time between the middle of the Aptian and the Albian. The new interpretation will be an important guide in future exploration for diamonds because it provides precise data on the age of a diamond-bearing kimberlite pulse in Angola.
Introduction
Kimberlites contain primary minerals crystallized from a kimberlitic magma, a suite of megaand macrocrysts (e.g., zircon, diamond), and a complex variety of xenoliths (e.g., peridotite).
According to previous studies (Moore et al., 1992; Griffin et al., 2000; Pivin et al., 2009; and references therein), some zircon megacrysts (crystals larger than 1 cm) do crystallize from fractionating magmas in the mantle, are intergrown with other megacryst phases (ilmenite, phlogopite, high-Fe olivine), and contain inclusions of chromian diopside, chromite, and diamond. Mantle-derived zircon megacrysts have trace element compositions that are distinct from zircon derived from the crust. These megacrysts have lower U and Th concentrations, and a lower total abundance of rare-earth elements (REE) than zircon of crustal derivation (Belousova et al., 2002; Heaman et al., 2006; and references therein) . The U-Pb dating of zircon is by far the most widely used method for obtaining reliable mineral-growth ages from different types of rocks. Zircon can provide reliable ages because of its resistance to thermal disturbances.
However, the dating of kimberlites is one of the most difficult applications of this method because crystal growth may have occurred hundreds of millions of years before kimberlite emplacement.
The aim of this study is to determine the U-Pb ages of zircon from the diamondiferous Catoca kimberlite, in the Lunda Sul province of Angola, using a Sensitive High Resolution Ion Microprobe II (SHRIMP II). The study contributes to a better understanding of the geological evolution of the Catoca kimberlite, which has important implications for diamond exploration.
Trace-element analyses carried out by Laser Ablation -Inductively Coupled Plasma -Mass Spectrometry (LA-ICP-MS) were used to determine the chemical composition of the zircon (including the REE) from the kimberlite and to suggest potential sources of the zircon. We also
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5 present a comparison of the Catoca kimberlite with kimberlites in southeastern Brazil that were formed during the Early Cretaceous.
Background information and previous geochronological research in Angola
The kimberlites of Angola are distributed in clusters (Pereira et al., 2003; Egorov et al., 2007) in the northeastern, central, and southwestern areas of the country. Most of the kimberlites are concentrated within the Lucapa structure, with a NE-SW orientation, or along NW-SE faults ( Fig. 1 ). The Lucapa structure is a major basement fault system with the highest diamondiferous potential in Angola (Pereira et al., 2003) . The Catoca kimberlite, the fourth largest kimberlite pipe in the world (639,000 m 2 ), is located in the northeastern part of this structure, and exhibits rocks of crater and diatreme facies.
In the earliest geochronological studies, Bardet and Vachette (1966) 
The Late Cretaceous regional extension was associated with older deep-seated faults and "grabens" with NE-SW and NW-SE trends (Jelsma et al., 2009 ). An example of such a NE-SW trend is the Lucapa deep-seated fault system, which developed a local basin in northeastern Angola along a line that continues southwest to a transform fault of the Mid-Atlantic Ridge (White et al., 1995) . The Lucapa structure has been a belt of recurring tectonic weakness since the Paleoproterozoic (Jelsma et al., 2009 ). Most of the diamondiferous kimberlites in Angola are located along the Lucapa structure in northeastern Angola, although it is not clear whether kimberlites were emplaced at the time of rifting or whether they resulted from post-rifting events. Strike-slip and shear fault systems in northeastern Angola likely could have led to decompression (local extension) and compression, resulting in some control on the distribution of igneous activity within the Lucapa structure. These processes could also have different expressions within the Angolan Shield and Kasai Craton. Reliable age determinations are very important for understanding the timing of these intracontinental processes. In the southwestern part of Angola, there are outcrops of undersaturated alkaline rocks and carbonatites along this trend (Reis, 1972) , as well as some minor kimberlite fields (Egorov et al., 2007) .
Continental sediments that unconformably overlie the Precambrian basement filled the Lucapa structure during the Cretaceous and Paleogene. An example of this package of sediments is the Calonda Formation, a fining upward lithostratigraphic unit of the Kwango Group that was formed by torrential deposits gradually changing to lagoonal facies and concluding with lowenergy deposits associated with aeolian episodes. The Calonda Formation is the oldest sedimentary unit in Angola that contains detrital diamond and kimberlite clasts (Pereira et al., 2003; and references therein) . It is reported to be Albian to Cenomanian in age, based on fish
macrofossils, palynomorphs, and tectonostratigraphic studies (Pereira et al., 2003) . It has become an important target in the exploration for alluvial diamond deposits.
Sample description
In this study, nineteen crystals of zircon between 0.6 and 4 mm in length were taken from three core samples (four crystals) of tuffisitic kimberlites (TK) and three samples (fifteen crystals) of heavy-mineral concentrate from the Catoca kimberlite to perform the SHRIMP analyses ( was added to this study for comparative purposes.
Large grain-size is a characteristic feature of zircon from kimberlites. According to several authors (e.g., Belousova et al., 1998) These zircon crystals exhibit oscillatory zoning in CL. One of these crystals was also analyzed with SHRIMP (no. 19).
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Analytical methods
Determinations of trace element concentrations
Trace-element analyses were carried out by LA-ICP-MS on three zircon crystals (nos. 19, 21, and 22) from the Catoca kimberlite at the Geological Survey of Canada. The trace-element determinations were performed using a New Wave Research UP213 laser-ablation system in combination with a Perkin Elmer 6100DRC quadrupole inductively coupled plasma mass spectrometer. The data acquisition and calibration protocols employed have been described by Longerich et al. (1996) and Jackson (2008). Operating conditions and data-acquisition parameters used in this study are summarized in Table 2 . Data reduction was performed using the software GLITTER 4.4.2 (Griffin et al., 2008) . The standard NIST SRM 610 (synthetic glass reference material, National Institute of Standards and Technology) was used as the primary calibration standard using concentration values from GEOREM (http://georem.mpchmainz.gwdg.de/, data downloaded February 24, 2010). The stoichiometric SiO 2 content of 32.8%
was used for internal standardization to correct differences in ablation yield between the sample and reference material. A secondary standard, BCR-2G (a homogeneous basaltic reference glass prepared by the U.S. Geological Survey: Jochum and Stoll, 2008) , was used to monitor the precision and accuracy of the technique. Precision and accuracy were assessed from repeated analyses of the BCR-2G standard and were usually better than 10% for concentrations at the ppm level. Detection limits were better than ~0.06 ppm for all elements reported, with the exception of Ti. 
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Results
REE and Ti-in zircon thermometry
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On the basis of total REE concentrations in zircon from the Catoca kimberlite, we identified two ranges of values. One set consisted of total REE concentrations of less than 25 ppm, and the other set was characterized by total REE concentrations up to 123 ppm (Table 3 ). The zircon from the Catoca kimberlite (Fig. 3) value under oxidized magma conditions in a feldspar-free magmatic environment (Hoskin and Schaltegger, 2003) . The suggestion of relatively high oxygen fugacity (fO 2 ) conditions during zircon crystallization seems more favorable for an interpretation of a positive Ce anomaly combined with the absence of a negative Eu anomaly.
Concentrations of yttrium exhibit distinct ranges of values for each zircon population (Table   3) . In one population, Y concentrations are between 39 and 120 ppm, while higher Y concentrations, between 330 and 480 ppm, are found in the other population. Concentrations of
Hf are between 9580 and 13700 ppm for the first population and between 9180 and 9970 ppm for the second population of zircon.
These three zircon crystals exhibit low Ti concentration, between 3.4 and 10.9 ppm, for the first population and between 1.17 and 2.66 ppm for the second population. There is no direct evidence that these zircon crystals coexisted with a Ti-dominant phase. However, ilmenite is usually found in xenoliths, as mega-and macrocrystals, and in the groundmass of the Catoca kimberlite.
The Ti-in-zircon thermometer (Watson et al., 2006) was applied to calculate the temperature at which the zircon crystallized. The calculated temperatures are between 600 and 750 ºC, which is very low for a kimberlite. One possible explanation for this result is the lack of coexistence of zircon with a Ti-dominant phase, which leads to uncertainty in the activity coefficient of Ti. The same problem has been reported previously, where some doubts have been raised about the applicability of the Ti-in-zircon thermometer for zircon from kimberlites (Page et al., 2007) .
SHRIMP U-Pb ages
Forty-one SHRIMP analyses were performed on 19 zircon crystals from the Catoca kimberlite. Table 4 (MSWD = 1.6; probability of fit 0.17). Two analyses have common Pb contents above 15%; if these are rejected, the remaining three analyses have an identical weighted mean age of 121.2 ± 1.8 (MSWD = 0.86; probability of fit 0.45). Thus, the single crystal from the Tchiuzo kimberlite yields an age slightly older than the weighted mean age obtained for the Catoca kimberlite.
Discussion
Different sources of zircon
The zircon crystals have well-defined characteristic features in their chondrite-normalized patterns, total REE abundances (Fig. 3) , and different U and Th concentrations (Table 3) . On the basis of their REE composition, two different populations of zircon crystals have been identified in the Catoca kimberlite. The first population is characterized by a low concentration of REE Zartman and Richardson (2005) , between ~4 and ~2, for depleted asthenosphere over the last 2.5 Ga. This first population of zircon crystals could be genetically linked to the kimberlite. The second population is characterized by high concentrations of REE (up to 123 ppm), high Th (more than 45 ppm), and high U (more than 100 ppm). This population is likely derived from an enriched source.
A C C E P T E D M A N U S C R I P T
These two populations of primary zircon were produced by at least two different batches of magma that exhibit very similar ages (Fig. 6 ). The first population is similar in Th/U values to the zircon megacrysts typically found in kimberlites (Heaman et al., 2006) , and the second is close to those reported from xenoliths of glimmerite (Rudnick et al., 1998) or MARID (Kinny and Dawson, 1992; Hamilton et al., 1998) . Both populations of zircon crystals are corroded and overgrown by a rim of baddeleyite. The presence of such a rim suggests a desilication reaction as a result of the interaction of zircon with carbonate in the kimberlitic magma, for example:
or as a result of a reaction with other minerals in a carbonated kimberlitic melt, as has been noted in other kimberlites (Haggerty, 1991; Dawson et al., 2001; Page et al., 2007) . In addition, the crystals were fragmented after the development of the baddeleyite rim because the broken surfaces are never replaced by baddeleyite (Figs. 2A, 2B) . Therefore, these crystals may have
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16 been replaced along the borders and then fractured during eruption or later, such as during treatment in the gridding mill.
Age data
Two interpretations are possible to explain the presence of the SHRIMP U-Pb zircon ages obtained in this study. The first interpretation is that they reflect a period of zircon growth at 117.9 ± 0.7 Ma, which would represent a maximum eruption age for the Catoca kimberlite. The second interpretation is that the zircon crystals partially retain an older, inherited component that was incompletely reset by diffusive Pb-loss prior to eruption at 117.9 ± 0.7 Ma. Did the zircon form prior to kimberlite eruption but fail to quantitatively retain Pb owing to high ambient temperatures and diffusive loss of Pb?
The Pb closure temperature of zircon is in excess of 900 ºC (Cherniak and Watson, 2000; Heaman et al., 2006; and references therein) . Thus, the zircon thus likely records the time when it was transported from the mantle by the kimberlitic magma. Although exposure to mantle temperatures for long periods of time will cause zircon to lose Pb through diffusion, several investigators of zircon in kimberlitic rocks (Mezger and Krogstad, 1997; Belousova et al., 2001; Cherniak and Watson, 2003) have suggested that a complete resetting does not invariably take place. Specifically, according to Belousova et al. (2001) , zircon crystals may retain radiogenic Pb at lithospheric mantle temperatures between 600 and 1200 ºC.
The estimated geotherm for the Catoca kimberlite (Robles-Cruz et al., in preparation), calculated from data on garnet peridotite xenoliths generated using the Nimis and Taylor (2000) geothermobarometer, gives a temperature between 900 and 1200 ºC at 40-55 kbar (160-200 km, This Pb diffusion is not significant and precludes the second interpretation.
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Other studies (Schärer et al., 1997; Corfu et al., 2003) suggest that zircon keeps a record (partial or complete) of one or more thermal events that it has experienced. Thus each zircon crystal is telling an "individual" history and the measured U-Pb zircon ages, together with the REE concentrations, provide insight into different episodes of crystallization.
Geotectonic implications
This new interpretation of a maximum age for the kimberlitic eruption at 118 ± 1 Ma (Aptian age) is consistent with the regional tectonostratigraphy of northeastern Angola (Fig. 7) . The
Catoca kimberlite was expected to be younger than the carbonatites and alkaline rocks found in the Lucapa structure. These rocks yielded K-Ar and Rb-Sr ages between 138 and 130 Ma (Alberti et al., 1999 ; and references therein). The U-Pb ages obtained in this study are similar to those reported for the Alto Cuilo kimberlites (Eley et al., 2008 ; and references therein), which
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Cretaceous kimberlitic events of similar age have also been reported in the São Francisco craton (Brazil), the Kaapvaal craton (South Africa and Botswana), and the Congo-Kasai craton (the Democratic Republic of Congo), which were all part of Gondwanaland (e.g., Batumike et al., 2007; Jelsma et al., 2009 ). Systems of deep faults present in these cratons probably were the focus of thermal perturbations and injection of melt. The Canastra 01 kimberlite in Brazil, located at the border of the São Francisco craton (Da Costa, 2008) , yielded an age of 120 ± 10 Ma using K/Ar in phologopite (Chaves et al., 2008; and references therein) . It is associated with a NE-SW general tectonic trend and considered to be related to lithospheric heating that took place before rifting (Fleischer, 1998; Read et al., 2004) , at a time when the presence of the Tristan da Cunha mantle plume (133 Ma) would have exerted tectonic control (Wilson, 1992) . In the western part of the Kaapvaal craton, in South Africa, kimberlites with ages of ca. 120 Ma (Jelsma et al., 2009; and references therein) Our interpretation of 118 ± 1 Ma for the maximum age of the kimberlitic eruption in Catoca, which is associated with a NE-SW tectonic trend (Lucapa structure), reinforces the hypothesis of A C C E P T E D M A N U S C R I P T SW tectonic trends, whereas 85 Ma (Santonian age) kimberlites are emplaced in E-W lineaments. Our finding of an Aptian age for the maximum age of the kimberlitic eruption in
Catoca is also consistent with a single model for the magmatic province, which extends over what is now southeastern Brazil and southwestern Africa, coincident with the opening of the South Atlantic Ocean (Hawkesworth et al., 1992 (Hawkesworth et al., , 1999 Guiraud et al., 2010) . The extensional tectonic setting, rifting, and opening of the South Atlantic during the Early Cretaceous (Pereira et al., 2003; Jelsma et al., 2009 ) and the reactivation of deep-seated fault systems probably contributed to lithospheric heating (mantle upwelling) and, ultimately, to kimberlitic magmatism in Angola.
Conclusions
(1) On the basis of U-Pb-derived zircon dates, petrographic and cathodoluminescence imaging studies, REE data, and the regional geological setting, we conclude that the maximum age for the Catoca kimberlite eruption is 118 ± 1 Ma, which is an Aptian age. Almost all of the analyses in this study belong to a single age population, with no evidence for variable ages within single crystals and no diffusional profiles preserved. 
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Most of the crystals are larger than 0.6 mm in size, fractured, and yield similar ages. There is no correlation between age and Th/U content. Tables   Table 1 . Description of zircon crystals analyzed by SHRIMP. Table 2 . LA-ICP-MS operating conditions and data-acquisition parameters. 
